THE mechanisms of action of antiarrhythmic drugs were discussed in these reviews over a decade ago (Rosen and Hoffman, 1973) . Since then, important new concepts of the blocking action of drugs have been proposed and tested experimentally. Several attempts at a quantitative voltage clamp analysis of the blocking action of antiarrhythmic drugs have been made. The mechanism of the blocking action of local anesthetics has been studied in nerves to the limit of current electrical techniques-that of gating currents (Cahalan, 1980; Yeh, 1982) . The volume of data dictates that we restrict the studies covered. We shall focus on the mechanism of the blockade of the sodium current. We neglect discussion of many otherwise important studies which do not have this focus. Knowledge of the number, kinetics, and relative importance of the individual pacemaker currents is sufficiently incomplete as to limit a discussion on the drug action on the individual currents.
Blockade of membrane sodium conductance (G Na ) is probably a major mechanism of action of antiarrhythmic drugs. To obtain a quantitative analysis of the kinetic and steady state effects of drugs on the sodium conductance, it is necessary to measure the sodium current, I Na , in a stable system with the temperature and extracellular milieu that may be obtained in both normal and diseased tissues in vivo. The strategies that have been exploited for the study of I Na in heart muscle include: (1) indirect estimation from V max of action potentials, (2) direct measurement of macroscopic sodium currents in multicellular and isolated cell preparations under voltage clamp, and (3) direct recording of unitary sodium conductance using the extracellular patch clamp technique.
All these techniques use measurement of electrical properties to assess the binding kinetics of drugs to their receptor site(s). The quantitative precision of these techniques may vary. However, it is important to establish their ability to produce qualitatively similar results.
Relationship between V max and GN 2
The vast majority of studies of drug effects on G Na in cardiac muscle are based on indirect estimates by V max . The measurements can be performed with relative ease in preparations that are stable over several hours. Changes in extracellular K + , Ca ++ , or pH can be performed readily. This contrasts with the difficulty of the direct techniques and the relatively short periods of time over which reliable records of Iw a can be obtained.
The formulation of mechanisms of block of sodium permeability from data based on V max measurements is critically dependent on the extent to which this indirect index is a linear (or other known) measure of sodium conductance.
Considerable controversy has arisen recently about the extent to which V^x is a measure of G Na in cardiac muscle (Strichartz and Cohen, 1978; Hondeghem, 1978; Walton and Fozzard, 1979; Cohen et al., 1981) . The absence of the required data for an appropriate analysis of this relationship has provided room for much of the speculation. Since the initial exchanges, new data have appeared which should replace some of the speculation with fact. We shall review this matter in detail, as we consider it to be of critical importance. As pointed out by Bean et al. (1982) , a nonlinear relationship could lead to erroneous conclusions, and a large body of data would have to be repeated using direct measurements of I Na .
It is generally agreed that membrane action potential Vmax will be a linear measure of lN a under the following circumstances: (1) the non-sodium currents must be negligible when V is maximum (Hondeghem, 1978) ; (2) activation of the sodium current [represented by the variable m (Hodgkin and Huxley, 1952) ] must be very rapid relative to the upstroke of the action potential; and (3) inactivation of the sodium current [represented by 1-h Hodgkin and Huxley (1952) ] must be slow relative to the upstroke of the action potential (Cohen et al., 1981) . Further, in comparing the effects of interventions on G Na using V max measurements, V max should occur at a fixed time after excitation and at a fixed potential (Walton and Fozzard, 1979) . We shall discuss the data, if any, that bear on these points. At the outset, we should stress that simulated nonlinearities that lie within the error of both direct and indirect measures of G Na are not important.
For membrane action potentials, V is directly proportional to the membrane ionic current (I = -C m V). If the non-sodium conductances are significant, a given reduction of G Na will produce a disproportionate reduction in V, assuming that the non-sodium conductances are not reduced by a similar amount. Cohen and Strichartz (1977) cited this as a possible explanation for the apparent voltage dependence of tetradotoxin (TTX) block of the sodium current. The simulations of Cohen and Strichartz (1977) were performed for the squid giant axon. In this tissue, the outward K + current is large and activates sufficiently rapidly to overlap the inward sodium current. This is in contrast to heart muscle, where the outward K + currents are relatively small and activated late, compared to the sodium current Tsien, 1968, 1969) . The leakage or background current carried by other ions is very small compared tô a™, (McAllister et al., 1975) . The slow inward calcium current is also activated relatively late (Beeler and Reuter, 1977) . [However, see Isenberg and Klockner (1982) .]
An analysis of the case of propagated action potentials is even more complex. Hunter et al. (1975) assumed a polynomial for the form of current-voltage trajectory and presented simulations which suggested that V max was proportional to (G Na )' A -The assumptions on which the simulations are based have not been validated in cardiac muscle. However, the simulations do suggest a low sensitivity of V max for changes in G Na . Walton and Fozzard (1983) suggest that there is no clear theoretical relationship in the propagated case. Jenerick (1964) estimated the peak total membrane current from the voltage time course of action potential in skeletal muscle, and showed that peak inward current was directly proportional to V max . Walton and Fozzard (1983) obtained a similar result in cardiac Purkinje fibers when sodium current was varied by changing [Na] o . As predicted by theory, peak membrane current and V max occurred at different times (and presumably different potentials, implying different driving forces at I N^, and V max ). This could be a potential problem when studying voltage-depend-ent phenomena such as drug interactions with the sodium channel. In some experimental situations, e.g., action potentials recorded from a papillary muscle in the single sucrose gap or action potentials recorded from Purkinje strands, the distance between the stimulating and recording sites is very short (<1 mm). Propagation velocity may not be constant at the recording sites. Recent studies by Spach and his colleagues (reviewed by Spach and Kootsey, 1983) suggest that conduction in normal cardiac muscle may be saltatory. From a theoretical standpoint, these considerations could add even greater uncertainties to the V max measurements (Hunter et al., 1975) .
The increase in sodium permeability with membrane depolarization is associated with the activation process (increase in the m variable). With maintained depolarization, inactivation occurs (decrease in the h variable), limiting the sodium permeability increase. The finite time for the increase of activation and the comparative rate of development of inactivation may introduce nonlinearities in the V max -G Na relationship. In the undamped membrane, a decrease in GN 3 decreases the rate of membrane depolarization, allowing more time for the turning on of m. m at V max may therefore increase as G Na decreases. This will have an offsetting influence on the reduction of V max and produce a nonlinear relationship between V max and G Na . In the voltageclamped case, m at lN amax is constant. The experiment of Bean et al. (1982) performed at 18°C suggested a variation of m as a possible mechanism for the nonlinearity of the V max -G Na relationship. Assuming a Qio of 2.3 for the m variable, our simulations suggest that the low temperature employed by Bean et al. (1982) would exaggerate this effect. Some nonlinearity does persist at 37°C. Using the McAllister, Noble, and Tsien simulation of the Purkinje fiber action potential, Walton and Fozzard (1979) showed that the variation of m at the time V max occurred was small at most potentials (0.91 to 0.89 between -100 and -65 mV, dropping to 0.81 to 0.8 at -60 mV).
The effect of inactivation occurring during the stimulus and latency periods is also to introduce nonlinearities in the V max -GiM a relationship. The Beeler-Reuter model [used by Hondeghem and Katzung (1980) ] assumed rw.r m of 57-75; the McAllister, Noble, Tsien, model (used by Walton and Fozzard, 1979 ) assumed r h :T m of 28-104; the Hodgkin-Huxley model had measured values of 3-5 (Strichartz and Cohen, 1978) . Recent measurements in ventricular myocyte indicate a ratio of 30:1 or greater at potentials negative to -60 mV, falling as low as 6:1 at more depolarized membrane potentials (Brown et al., 1981b) . This suggests that inactivation occurring during the stimulus and latency period could contribute to nonlinearity of the V max -GN a relationship at potentials where T h :r m is small (e.g., 6:1). Walton and Fozzard (1979) have suggested that by using a brief duration stimulus (5 msec) and maintaining the latency constant, the activation process can be made uniform between trials, presumably decreasing the effect of early inactivation. We have used phase-plane plots_to determine the influence of latency on V^ax and V, the potential at which V max occurs. When V max is reduced by lidocaine, V is more negative when the latency is kept constant (Stambler and Broughton, unpublished observations). Walton and Fozzard (1983) reported a 10% decrease in V when [Na + ] o was reduced by 50% in Purkinje fibers. Hondeghem (personal communication) found less than a 2-mV change in V when V max was reduced by 50% in guinea pig papillary muscle mounted in the single sucrose gap. Investigators should probably carefully document changes in V in future V max studies. Despite these uncertainties, there has been considerable agreement (discussed subsequently) between drug effects obtained from V max measurements and the I Na measurements. However, it has been pointed out that (1) the consistency of V max measurements could result from offsetting errors (Cohen et al., 1981) , and (2) the I Na measurements are themselves also subject to uncertainties. Notwithstanding these uncertainties of the measurements, we shall now consider some of the results obtained.
Blockade of the Sodium Current-V max Measurements
Weidmann (1955) showed that procainamide HC1 (50 Mg/ml) and quinidine sulfate (10 Mg/ml) led to a decline in V max and eventual inexcitability. Membrane hyperpolarization for 140 msec restored V max toward control values and relieved inexcitability. The h<» curve was shifted in a hyperpolarizing direction on the voltage axis. Peak V max was still depressed by an average of 18%. Weidmann suggested that local anesthetics inactivated most of the "sodium-carrying units." He suggested that reversal of block by hyperpolarization resulted from either faster recovery from inactivation or displacement of the local anesthetics from their receptor. The next critical series of observations were those of Johnson and McKinnon (1957) . They showed that V max of quinidine-treated ventricular myocardial fibers was the same as control fibers when stimulated infrequently, but declined as stimulation frequency was increased. In a subsequent paper, Johnson and Robertson (1958) presented data that provided insight into the possible mechanism(s) of frequency-dependent block of V max by antiarrhythmic drugs. They showed that an extrasystole introduced after complete repolarization of quinidine-treated atrial or ventricular muscle, driven at a fixed rate, had a diminished V max compared with the driven beat. In the drug-free state, V max of the extrasystole recovered rapidly following complete repolarization.
These early studies had several important implications as to possible antiarrhythmic mechanism(s).
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In the absence of stimulation, antiarrhythmic drugs in therapeutic concentrations produce little or no block of the sodium channels. With repeated stimulation, block develops in a frequency-dependent manner. Frequency-dependent block would cause strong suppression of beats occurring in quick succession during an arrhythmia, whereas beats occurring at physiological rates would be conducted normally (Hondeghem and Katzung, 1977) . Repeated membrane depolarization was a sufficient condition for block development. In the steady state, the extra block developed during an action potential is dissipated during the period between action potentials. In dissecting possible mechanisms of blockade of the sodium channels by antiarrhythmic drugs, the published data may be analyzed in terms of the ability of drugs to produce (1) resting block, i.e., block of the sodium channels in the absence of stimulation, and (2) frequency-dependent block. The latter may be analyzed in terms of the kinetics of block onset and of block recovery.
Resting Block of the Sodium Channel
Few studies have used stimulation protocols appropriate for examination of resting block. Such a protocol would interrupt stimulation for a long period of time to allow recovery of frequency-dependent block. During drug exposure, the deviation of V max of the first elicited action potential from the control V max approximates resting block. The commonly used antiarrhythmic drugs produce little or no resting block of V max at therapeutic concentrations (e.g., Heistracher, 1971; Hondeghem and Katzung, 1980) . In contrast, the ^a measurements (detailed in a subsequent section) show significant decreases of I Na with therapeutic drug concentrations. The difference may relate to differences in resting sodium channel inactivation between the preparations. Significant resting block is observed only at high drug concentrations (e.g., Ban, 1981a, 1981b) . Resting block increases with drug dose. The studies of Sada and Ban suggest that resting block correlates well with lipid solubility for a series of /3-blockers. On the other hand, Campbell (1983c) reported a poor correlation between lipid solubility and the resting block produced by a series of "class 1* antiarrhythmic drugs. Resting block is also enhanced by membrane depolarization (Gintant et al., 1983) .
The mechanism(s) of resting block remains unclear. The correlation with lipid solubility suggests that the drug may gain access to its receptor site in the closed channel via the lipid membrane phase (Hille, 1977a) . There are a number of other possibilities. The random opening of the sodium channel at normal resting potentials (m 3 h at rest) may lead to block of open channels by the drug at normal resting potentials. However, opening probability at normal resting potentials is low . A further possibility is that resting block may be inaccurately assessed by virtue of drug uptake during the first action potential following rest, thereby accounting for the decrease in V^*. In this case, the rate of binding of the drug to the open channel would approach the rate of channel opening. The available experiments do not allow a distinction between these possibilities. At low resting potentials, resting block may represent block of inactivated channels. Kohlhardt and Seifert (1983) have recently shown that the K m values for resting and use-dependent block of V max by propafenone are different. The washout kinetics of the two effects are also different. In an accompanying appendix, Hondeghem pointed out that all of these results are consistent with a single drug receptor. There are no compelling data to indicate that there are separate drug receptor sites for resting and frequency-dependent block with other drugs. Teleologically, resting block is an undesirable antiarrhythmic property, in that conduction at even a normal heart rate could be depressed by this drug effect.
Use-Dependent Block
The property of use-dependent block appears to be shared by the local anesthetic class of antiarrhythmic drugs such as amiodarone (Mason et al., 1983) , diphenylhydantoin (Ehring and Hondeghem, 1978) , disopyramide (Kojima, 1981; Campbell, 1983a Campbell, , 1983b , flecainide (Campbell and Vaughan Williams, 1983) , lidocaine (Courtney, 1979 (Courtney, , 1980 Hondeghem and Katzung, 1980) , mexiletine (Hohnloser et al., 1982; Campbell, 1983a) , procainamide (Ehring and Hondeghem, 1981) , propafenone (Kohlhardt and Seifert, 1980) , and tocainide (Campbell, 1983b) . Tritthart et al. (1971) suggested that antiarrhythmic drugs could be classified according to the extent to which they produce frequency-dependent block.
In considering the characteristics of frequencydependent block and its modulation by factors intrinsic and extrinsic to the cell, two related processes need to be discussed, the rate of onset and the rate of recovery of frequency-dependent block. The kinetics of recovery have been studied more extensively.
Block Onset
Few studies have examined the kinetics of onset of block of V max during stimulation at a fixed rate. Heistracher (1971) showed that V max declined more rapidly as stimulation rate was increased in papillary muscle exposed to ajmaline. However, when the rate of decline was determined in terms of the number of action potentials required to reach a steady state, there was little difference in the number for stimulation rates of 27.7 to 120.8/min. It should be noted that stimulation at rapid rates may cause membrane depolarization and complicate the kinetic analysis of V^ decline (Hondeghem and Katzung, 1980; Grant et al., 1982) . Courtney (1979 ) examined Circulation Research/Vof. 55, No. 4, October 1984 the rate of block development for a group of local anesthetics and /3-adrenergic blockers in rabbit atria. The rate of block development correlated well with molecular weight (r = 0.92) and poorly with lipid solubility. The rate of block onset increases with increasing drug concentration (Courtney, 1980; Grant et al., 1982; Campbell, 1983a; Gintant et al., 1983) . Campbell (1983a) showed that the rate of onset of block was much more rapid with the low molecular weight mexiletine (mol wt 179) vs. disopyramide and encainide (mol wt 339 and 352.5, respectively). Together, these studies indicate that the rate of block onset is directly correlated with molecular weight, but not with lipid solubility, and increases with increasing drug concentration.
Sodium channels make transitions from the closed to the open and inactivated states during an action potential. The greater channel block during the action potential suggests an enhanced affinity for the open and/or inactivated states of the sodium channel Katzung, 1977a, 1980; Courtney, 1983) . To separate, clearly, block of these two states using V max measurements during the upstroke of action potentials, (1) it must be assumed that inactivation develops slowly, and does not overlap the time course of activation, (2) the block produced by very brief (2-4 msec) pulses needs to be compared with the block produced by longer pulses. Using an appropriate pulse protocol, Hondeghem and Matsubara (in press) showed that quinidine primarily blocks channels in the open state, whereas lidocaine blocks both open and inactivated channels.
Differences in plateau duration, whether drug induced or resulting from regional differences in the heart, may alter the kinetics of block onset. Mason et al. (1983) have shown that the use-dependent block produced by amiodarone may be substantially increased by prolongation of the action potential. The normal action potential prolongation which the drug produces represents an amplifying mechanism to enhance block of I Na . The increase in block with action potential prolongation suggests a significant affinity for the inactivated sodium channel.
Recovery from Block
The factors that have been shown to modulate the recovery of V max include (1) the physicochemical properties of the drug, (2) transmembrane voltage, and (3) extracellular pH, K + concentration, and Ca ++ concentration. The experimental protocols have taken one of two formats. With one protocol, the preparation is stimulated at a very slow rate (0.2-0.5/sec), and extrasystoles are introduced after every one to eight beats at varying coupling intervals. In the other approach, the preparation is stimulated with a rapid train of impulses until a steady state decline of V max is achieved. Stimulation is then terminated, and extrasystoles are introduced at progressively increasing coupling intervals following termination of the train. We believe that the second approach is usually more suitable. With the first approach, very little block may develop at the slow rates of stimulation studied, little recovery occurs, and there may be significant errors in the estimate of the recovery time constant r T . One may conclude that a drug does not affect the recovery of V max , whereas modifications in the protocol may show that there is an effect (Chen et al., 1975; Kohlhardt and Seifert, 1980) . Recovery of V max from block was monoexponential in most studies. Monoexponential recovery of V max is consistent with a linear relationship between V max and G Na . In the drug-free state, recovery of V max is very rapid, occurring with a time constant, r r , of less than 20 msec with normal resting potentials (e.g., Grant et al., 1980) . During drug treatment, r r may be increased from tens of msec to several seconds by various drugs.
The influence of the physicochemical properties of drugs in determining their effects on V max recovery has been studied most extensively by Courtney (1979 Courtney ( , 1980 and also by Campbell (1983c) . They identified molecular weight, lipid solubility, and pK a as major determinants of the slowing of recovery of V max . For drugs with very different chemical structures, there was a very good direct correlation (r = 0.77) between molecular weight and half times of recovery of V max . This suggests that physical size may play an important role in the egress of drug from its receptor site(s) in the sodium channel. High lipid solubility favored short recovery times. Further, when the pK a of drug and the pH were used to calculate the effective lipid distribution (*Q* value), correlation improved. Courtney was able to make a very good prediction of the range of effect a given drug would have on the recovery of V max . In a similar study, Ehring and Hondeghem (1981) examined the blocking action of 10 derivatives of lidocaine and procainamide. The recovery rate constant correlated inversely with molecular weight and the log of the partition coefficient. Anomalies do occur. Recovery from block with lidocaine occurs more rapidly than predicted. In a study of aprindine derivatives, Moyer et al. (1982) showed that small changes in molecular structure could change the kinetics of aprindine derivatives from fast to slow. Differences in molecular weight, pK a , and lipid partition could not account for the effect.
The influence of membrane potential on the recovery process has been studied by ^-depolarization or by voltage clamping. Gettes and Reuter (1974) used the protocol of stimulation at a fixed rate (0.5/sec) with the interpolated extrasystoles to study the potential dependence of r r during K + -depolarization in the absence of drug. A single exponential was used to describe V^ recovery, and r r increased at depolarized potentials. They also showed that increases in the plateau duration did not affect r r . However, the pulse protocol may obscure a slow component(s) of recovery at low potentials. A recent study by Clarkson (personal commu-431 nication), using a protocol which interrupted repeated stimulation during the recovery period, suggests that the recovery of V max at low potentials consists of several components. To characterize fully the effects of membrane potential on T T , a stimulus protocol that can define slow components of Vma X recovery will have to be employed. This has not been the case with the majority of reported studies. Chen et al. (1975) used K + -depolarization to examine the voltage dependence of the time constant of recovery of V max during lidocaine and quinidine exposure. A 10-mV depolarization produced a 50% increase in r r in lidocaine-treated ventricular myocardium. In the studies of Oshita et al. (1980) , lidocaine produced a somewhat greater potential dependence of r r . Chen et al. (1975) were unable to demonstrate any effect of quinidine on r r at membrane potentials of -90 to -65 mV. We believe that this relates to the rather slow rates of stimulation chosen (0.2/sec). Increases in r r were also observed during depolarization in ventricular myocardium during exposure to tocainide (Oshita et al., 1980) and mexiletine (Hohnloser et al., 1982) . Weld and Bigger (1975) used the voltage clamp technique to study the recovery of V max at various membrane potentials in sheep Purkinje fibers exposed to lidocaine. They inferred a two-time constant recovery process during lidocaine treatment, the shorter representing the recovery of drug-free Na + channels, the longer representing the recovery of drug-associated Na + channels. Many investigators have failed to identify two recovery time constants consistently, because the recovery of drug-free channels may be very rapid and coincident with complete repolarization. Weld et al. found a 15% increase in the long r r as membrane potential was decreased from -80 to -71 mV. Weld et al. (1982) showed a linear dependence of the recovery rate constant (reciprocal time constant) at various potentials of Vm^ in quinidine-treated Purkinje fibers. It appears as though it is membrane depolarization, per se, which increases r r . Hondeghem and Lam (1980) showed that a 9-mV depolarization in ventricular muscle exposed to the metabolic inhibitor 2,4-dinitrophenol increased r r from 105 to 135 msec.
Studies of the influence of [K + ] o on r r have already been cited above. In squid giant axon, Adelman and Palti (1969) showed that increases in [K + ] o increased T r independently of a change in membrane potential in the absence of drug. We are not aware of any studies in cardiac muscle which show that the effect of changes in [K + ] o on r r are over and above those anticipated for the degree of membrane hyperpolarization or depolarization in the absence or presence of drug. In fact, Chen et al. (1975) (Janse et al., 1981; Gilmour and Zipes, 1982) would favor prolongation of T, and, to a certain extent, more frequency-dependent block. An increase in the amount of resting block at low V m may also cause greater depression of conduction. Several studies have confirmed that antiarrhythmic drugs produce greater depression of conduction during ischemia, hypoxia, or metabolic inhibition (Hondeghem et al., 1974; Hondeghem, 1976; Kupersmith et al., 1975; Allen et al., 1978; Wald et al., 1980; Okumura et al., 1982) . Clinical studies have shown that, whereas lidocaine does not alter normal His-Ventricular (H-V) conduction time, it may produce significant prolongation in the H-V conduction time in patients with preexisting bundle branch block (Gupta et al., 1974) . Since most antiarrhythmic drugs are tertiary amines, their state of ionization into charged and uncharged species is determined by ambient pH. As the lipid solubilities of the charged and uncharged species are very different, one would predict that pH would be an important modulator of drug effects on r r . Grant et al. (1980) showed that, when extracellular pH was lowered from 7.4 to 6.9, either by elevation of the Pco 2 or by lowering [HCO 3~] , r r increased 2-fold. On the other hand, elevating the Pco 2 (and, hence, possibly lowering intracellular pH), but keeping external pH at 7.4, did not increase r r further. Because increases in the concentration of lidocaine did not produce similar increases in r r , they concluded that the influence of pH was not the result of a change in the steady state distribution of lidocaine between the intra-and extracellular space. In another study, Grant et al. (1982) demonstrated that recovery of V max during quinidine exposure is also slowed by low pH. They concluded that the slowing of the recovery of V max during acidosis resulted from the protonation of channel-bound drug. Presumably, protonation delayed drug egress from the channel through the hydrophobic membrane. A similar mechanism had been proposed for the influence of pH on I Na kinetics in skeletal muscle and nerve (Schwarz et al., 1977; Hille, 1977a, b) . The hypothesis predicts that increases in r t would be especially prominent with highly lipid-soluble drugs which can exit the channel through the hydrophobic membrane phase. The demonstration by Broughton et al. (1984) confirms the prediction that the increase in r r at low pH by lidocaine and its two desethyl metabolites correlates with their lipid solubility. The slowing of the recovery of Vmix during acidosis observed in most of these studies would enhance the blocking action of antiarrhythmic drugs during acidosis. A detailed study of the blocking Circulation Research/Vol. 55, No. 4, October 1984 action of permanently charged and neutral lidocaine analogues agrees with these conclusions (Gintant et al., 1983) . Recovery from block with permanently charged analogues was extremely slow (j t of minutes). Nattel et al. (1981) showed that acidosis potentiated the steady state reduction of V max in Purkinje fibers. However, this effect could be accounted for by the decrease in resting potential observed in acidosis. Gettes and Reuter (1974) 
Drug Effects on Sodium Current Inactivation
It is in the area of determining the steady state blocking action of antiarrhythmic drugs as a function of membrane potential that the greatest uncertainties of the V max measurements have arisen. If the assumption that channels blocked by antiarrhythmic drugs do not conduct is correct, the blocking action at various membrane potentials must be inferred from the remaining conducting channels. We see two sets of problems in the analysis of drug effects on sodium current inactivation, viz., the choice of an appropriate experimental protocol for the measurement, and the interpretation of the curves so determined. Various strategies have been used to determine inactivation curves under control and drug exposure. To vary membrane potential, one approach has been to introduce extrasystoles at various potentials during the rapid repolarization phase (phase 3) of the action potential. This is probably the least desirable approach. During repolarization, the inactivation variable h does not have time to assume its steady state value for a given membrane potential. An intervention which alters the rate of repolarization could shift the V m -V max curve along the voltage axis, although there is no change in I Na inactivation. Similarly, drugs that slow the rate of recovery from inactivation would shift the h curve to more negative potentials. Curves determined by this technique have steeper slopes than inactivation curves determined by other approaches (Grant et al., 1977; Walton and Fozzard, 1979) . The above discussion does not deny that such curves may provide useful data on the conduction of extrasystoles during phase 3. However, the approach is not suitable for steady state measurements. A second approach has involved the use of depolarization with high [K + ] o (Weidmann, 1955; Chen et al., 1975; Weld and Bigger, 1975) . In this situation, there is also the problem that fixed stepwise increases in [K + ] o with time to allow V m and h to come to a steady level were usually not employed. The measurements may not be truly steady state. Weidmann (1955) and Chen et al. (1975) clamp approach, in which the membrane is clamped to some conditioning voltage for a long period, the clamp then released, and the preparation stimulated, appears to us to be the most reliable of the V max measurements (Weld and Bigger, 1978) .
The final issue is the appropriate rate at which action potentials or conditioning clamps should be repeated. Responses elicited at very infrequent rates may not permit any blocking by the drug. On the other hand, rapid stimulation to load the Na + channel with drug prior to conditioning clamp also has its problems. Block may be increased or dissipated during the conditioning clamp, depending on the value of V m . Therefore, the interpretation of any of these protocols is complex. Until appropriate models can resolve which is the more desirable approach, the experimenter probably is best advised to use both approaches.
Experimentally derived apparent inactivation curves in the presence of a drug probably represent the composite behavior of drug-free and drug-associated channels. Drug-free channels have inactivation curves in a normal position on the voltage axis. A fraction of blocked channels may be shifted into the drug-free conducting pool of channels by the pre-pulse used to determine the h« curve. The position on the voltage axis of the apparent h» curve for the aggregate of channels is intermediate between the curve for normal channels and that for blocked channels. The exact location of the curve will depend on the choice of protocols. The process of slow inactivation which has been well documented in nerve is now also being found in cardiac muscle (e.g., Saikawa and Carmeliet, 1982; Ebihara et al., 1983) . The extent to which this slow process contributes to observed inactivation curves will depend on the pulse protocol. It is because of these many uncertainties of the V max -V m measurements that we limit our discussion to a few studies.
We have alluded to the shift of the h<» curve to more negative potentials by cocaine, quinidine, and procainamide. The maximum V max was not restored at even the most hyperpolarized potential, suggesting a reduction of effective G Na at all membrane potentials. Using K + depolarization, Chen et al. (1975) observed a 2-to 7-mV shift of the h«, curve to more negative potentials in ventricular muscle. The shift was greater at higher drug concentrations. However, in the same study, they observed no shift with quinidine.
In their model, Hondeghem and Katzung (1977) pointed out that, at least with drugs with kinetics like quinidine, the form of the ha, curve should be frequency dependent. At certain rates of stimulation, there should be two inflections in the curve. Hondeghem and Katzung (1977b) reported in a brief communication that a double inflection in the h«, curve is observed during quinidine exposure at high drive rates. However, Weld et al. (1982) observed a single inflection in quinidine-treated Purkinje fibers at 0.5 and 0.05 Hz. Further studies are required to clarify this point. A number of investigators have demonstrated shifts in the h« curve with a number of antiarrhythmic drugs such as disopyramide (Kojima, 1981) , mexiletine (Weld et al., 1979) , and procainamide (Sada et al., 1979) . Qualitatively similar shifts have been noted with bretylium (Wit et al., 1970; Bigger and Jaffe, 1971) , diphenylhydantoin (Bigger et al., 1968; Rosen et al., 1976) , and disopyramide (Kus and Sasynuik, 1975) . In experiments where both ho» and membrane responsiveness curves have been determined, e.g., for lidocaine (Weld and Bigger, 1975) , the shifts in the membrane responsiveness curves have been much greater. We shall review the implication of these shifts in a subsequent section.
Voltage Clamp Experiments in Heart Muscle
Most investigators expected that direct measurement of the inward sodium current in heart muscle would eliminate the many uncertainties associated with maximum upstroke velocity measurements. This has not been realized. To achieve spatial control of the membrane potential and to separate capacitive and inward sodium currents, the conditions of the experiments have been so modified that a whole new set of uncertainties has been introduced. The cardiac preparations that have been voltage clamped fall into two main classes: multicellular preparations and isolated cardiac myocytes. Critical reviews of the sodium current in multicellular preparations raise serious doubt as to the feasibility of this approach (Johnson and Liebermann, 1971; Attwell and Cohen, 1977; Beeler and McGuigan, 1978) . The inherent difficulty of the experiments and the lack of long-term stability of most preparations place severe constraints on the applicability to pharmacological studies of iNa at a variety of extracellular [K + ] o and pH. The shortened rabbit Purkinje fiber (Colatsky and Tsien, 1979; Colatsky, 1980) has favorable geometric characteristics. However, to achieve rapid membrane control, [Na + ] o must be considerably reduced. Both V max experiments in heart muscle and sodium current measurements in nerve indicate that reduction of [Na + ] o enhances the blocking potency of antiarrhythmic drugs (e.g., Jensen and Katzung, 1970; Cahalan and Aimers, 1979; Kohlhardt, 1983) . The isolated myocyte preparation represents an advance in terms of feasibility of a quantitative clamp. Simulations of Hondeghem et al. (1981) suggest that it is not possible to voltage clamp the sodium current in a single myocyte larger than 20 /xm with two microelectrodes. We believe the approach is worthwhile, provided the limitations are recognized. We shall now discuss some of the published data in multicellular and isolated myocyte preparations, particularly as they relate to drug effect. Because of the marked differences in the preparations, and the experimental conditions under which voltage clamp was performed, we have elected to discuss each study separately. Investigations that limited study to toxic concentration of drugs (e.g., Payet, 1982; Undrovinas et al., 1982) are not discussed. Driot and Gamier (1972) described the effect of 10~6 to 10~4 M quinidine on the sodium current of frog atrial trabeculae at 18°C in a brief report. The most prominent effect was an increase in the recovery time constant of I Na from 130 to 350 msec. The direct applicability of this result to mammalian heart muscle was uncertain, as other studies had shown the recovery of INa in frog atria to be considerably delayed compared with I Na in mammalian myocardium (Haas et al., 1971) .
The study of was unique in that the sodium current was measured in normal external sodium at 37°C. Local anesthetics were not studied. They showed that the recovery time constant of I Na at -70 mV determined from Vnax values agreed with similar determinations obtained from voltage clamp experiments. It is noteworthy that the maximum reduction of V max at short coupling intervals was similar to the reduction produced by antiarrhythmic drugs at normal resting potentials. showed that a system of equations similar to those of Hodgkin and Huxley was adequate to describe the sodium current in heart muscle. Bean et al. (1982) investigated the blockade of I Na by lidocaine in rabbit Purkinje fibers. The characterCirculation Research/Vol. 55, No. 4, October 1984 istics of this preparation and its suitability for analysis of I Na were determined by Colatsky and Tsien (1979) and Colatsky (1980) . Experiments were performed at 17°C in 10 mM sodium at pH 7.0. These conditions were convenient to obtain good voltage control. However, each may have an effect on drug action. Twenty micromolar lidocaine produced no tonic block of I Na . A train of 500-msec pulses at 1 Hz reduced I Na by 63%. The time constant for the onset of block decreased with increasing drug concentration. These results are in close agreement with similar experiments based on V^x measurements, but performed at 37°C in normal [Na + ] o at pH 7.4. They differ substantially from the initial experiments performed on the isolated myocyte by Lee et al. (1981) . Bean et al. also noted a dose-dependent shift of the h» curve in the hyperpolarizing direction. In the same preparation, Colatsky (1982) showed little resting block with 13.5 / XM quinidine, but 50% usedependent block with 50-msec pulses. Use-dependent block decreased if the holding potential was made more negative. Repetitive stimulation produced greater block than a single pulse of equivalent duration, suggesting that the affinity of quinidine is greater for the open state of the sodium channel. The inactivation curve was shifted to more negative potentials. Brown et al. (1981a Brown et al. ( , 1981b and Lee et al. (1981) measured the inward sodium current in enzymedissociated myocytes of rat. The preparation and experimental procedure had a number of appealing features. The geometry of the preparation was very simple, and provided greater hope of spatial control. Membrane series resistance could be considerably reduced. The internal perfusion technique permitted the elimination of the secondary inward and outward currents. The authors quite rightly pointed out that they could not exclude the possibility that the isolation procedure altered membrane characteristics. Sensitivity to the reintroduction of calcium is a considerable problem with the enzyme-dissociated cells. However, action potential characteristics were similar to those of intact preparations. Their experiments suggested that a more complex system of equations was required to describe the sodium current in heart muscle. Other experiments, both in nerve and heart muscle, have also suggested the need for a more complex system to describe the sodium current (e.g., Khodorov et al., 1976; Khodorov, 1981; Saikawa and Carmeliet, 1982; Ebihara et al., 1983) . In particular, the rates of onset and of removal of inactivation were best described by a double exponential. Bodewei et al. (1982) , using essentially the same preparation, found single exponentials to be adequate. The only clear difference between the two techniques was that Bodewei et al. (1982) used a single electrode voltage clamp, but provided simulations which suggest that potential control was adequate. Lee et al. (1981) examined the effects of 10-20 HM lidocaine and quinidine on the inward sodium current in voltage-clamped isolated rat myocytes at 20-22°C. External sodium concentration was reduced to one-third of normal. They observed considerable resting or tonic block (50-80%) of inward sodium current by quinidine and lidocaine. There was little additional frequency-dependent block at drive rates of 0.3-5 Hz. This is in striking contrast to the results in undamped or clamped multicellular preparations where the block is principally use-dependent, lidocaine and quinidine shifted the inactivation curve 10.4 ± 1 mV and 13.5 ± 1.0 mV to more hyperpolarized potentials, respectively. The control inactivation curves were clearly different from those measured in other cardiac preparations at 37°C, determined either by V^,* measurements (Chen et al., 1975; Grant et al., 1977) or by voltage clamping ; h . was only 0.25 to 0.35 at -80 mV (Lee et al., 1981, Fig. 3) . A subsequent study from the same laboratory compared the degree of frequency-dependent block with pulses of 50 and 500 msec but with the same interpulse interval. Greater use dependence was seen with the 500-msec pulse. As the integral of channel opening (/ m 3 h dt) should be the same for both pulses, the result suggests a strong interaction of drug with the inactivated channel. showed enhanced affinity of diphenylhydantoin for inactivated sodium channels. The blocking action of lidocaine and diphenylhydantoin was voltage-dependent between -90 and -30 mV. At potentials positive to -30 mV, there was relatively little voltage dependence of block. Drug effects on the kinetics of onset and of recovery were similar to those observed in multicellular preparations.
An important element in developing our concepts of the interaction of antiarrhythmic drugs is the formulation of theoretical models of interaction of drugs with a receptor site(s). Such models are potentially important for several reasons. They help to unify the seemingly different mechanism of sodium channel block by various drugs. They may suggest second order experiments which may clarify the mechanism of drug-receptor interaction. They also provide a framework in which to examine structureactivity relationships.
Models of the Mechanisms of Sodium Channel Blockade
Blocking agents interact with ionic channels in excitable membranes in such a way that the channels are nonconducting during receptor occupancy. The fraction of blocked, nonconducting channels is dependent on the equilibrium between unblocked and blocked channels as determined by the local environment. Studies of local anesthetics in squid giant axon, frog node of Ranvier, and cardiac muscle have shown the fraction of blocked channels to be sensi-435 tive to transmembrane potential, stimulus amplitude, duration and repetition rate, and extracellular pH. Therefore, it is of considerable theoretical as well as practical interest to determine what mechanisms can shift the equilibrium between blocked and unblocked channels.
A simple sequential blocking process was proposed by Armstrong (1966) Strichartz (1973) and Courtney (1975) applied similar reasoning to describe interactions of channelblocking agents with the sodium channels. Using the QX quaternary lidocaine derivatives and GEA-968, these investigators found that the block of the sodium channel in nerve preparations was limited to the open, conducting conformation of the sodium channel. Independently, Hille (1977b) and Hondeghem and Katzung (1977a) proposed an extension of the earlier "open channel* process to account successfully for the channel blockade of both hydrophobic and hydrophilic agents. Termed the modulated receptor hypothesis, it is assumed that the local anesthetic receptor bound drugs with an affinity that was dependent on the channel state. Furthermore, it was proposed that the inactivation process in drug-complexed channels was different from that in unblocked channels. Schwarz et al. (1977) then used this approach to account successfully for variations in channel blockade with changes in external pH.
In studies of cardiac muscle, Hondeghem and Katzung (1977a) showed that the modulated receptor hypothesis described use-and frequency-dependent responses. In these studies, the stimulus pulse train was used to shift channels between unblocked and blocked states. Bean et al. (1983) , in recent studies with lidocaine in cardiac muscle, have shown that, indeed, the receptor affinity does appear to vary with membrane potential, and found half-blocking doses of approximately 20 and 400 fiM for holding potentials of -65 and -120 mV, respectively. Furthermore, Kohlhardt and Seifert (1983) found evidence of receptor affinity variations in studies with propafenone in papillary muscle.
The modulated receptor hypothesis assumes that each channel state has a characteristic set of rate constants for the drug (Hondeghem and Katzung, 1977a ), but does not make any assumptions for the basis of these differences. We have proposed a "guarded receptor' hypothesis, which provides the simplest possible assumption for state-dependent drug interaction: the sodium channel has a constant affinity binding site for antiarrhythmic drugs. However, accessibility to this site is controlled by the activation and inactivation gates. When the m-gates are closed, the channel receptor is poorly accessible. When the negates are open, the drug molecules in the lipid membrane phase can always access the receptor, whereas charged hydrophilic drug molecules primarily access the receptor when both the m and h gates are open. Thus, the gates regulate drug access to a receptor with fixed affinity. In addition, for the charged drug species, we assume that the binding rate coefficients include a voltage-dependent term (Cahalan, 1978; Yeh, 1982) . When simulating this mechanism, it is possible to account for the apparent voltage dependence of lidocaine binding to cardiac Na + channels, demonstrated by Bean et al. (1983) . Utilizing the Ebihara-Johnson Na + channel model, we obtained quantitative agreement for simulated dose response curves of lidocaine binding if one assumes a fixed K D = 0.01 ^M for lidocaine . Further, drugs may have continuous access to their receptor(s) during in vitro determination of binding constant on membrane fragments. Access to the receptor may be gate limited during measurement in the intact preparation, resulting in much larger apparent K D values.
Although preliminary tests of the guarded receptor mechanism appear promising, more rigorous studies will be required. Since the guarded receptor hypothesis is a simple extension of the HodgkinHuxley membrane model, it has been easy to extend it to describe ion channel blockade in a uniform cable. Preliminary simulations indicate significant drug effects on a propagating action potential due to spatial differences of drug uptake and release.
Partitioning the rate coefficient into a gating and binding component appears an important first step in understanding apparent variations in receptor binding. However, it may be necessary to expand further the microscopic definition of these rate coefficients to match the model more accurately to the underlying biophysical mechanism. The major strength of the hypothesis is that all assumptions can be tested individually.
Future Directions
To resolve the many complex issues associated with the interaction of drugs with the Na + channel, it is important that experiments performed under relevant conditions have little ambiguous interpretation. These goals are not met at the present time Circulation Research/Vol. 55, No. 4, October 1984 by either the direct or indirect techniques of measuring iNa-Simulations and preliminary experiments point to the uncertainties of the V max measurements. If experiments performed under relevant identical conditions confirm significant nonlinearity between V max and G Na , conclusions based on the V max measurement will need reevaluation in preparations under voltage clamp. Until then, it would seem prudent to continue the study of antiarrhythmic drug action using the available techniques in parallel.
It is not clear to us that major improvements in the speed and accuracy of voltage clamping of multicellular preparations will be achieved in the near future. The voltage clamp of the Na + current in the isolated myocyte is sufficiently well developed that major effort should be applied to the study of antiarrhythmic drug in this preparation. Aspiration of a large portion of the cell membrane into the current-passing suction pipette limits the membrane area that has to be voltage clamped . Clamping speed and voltage uniformity would be increased. Less drastic isolation techniques and better long-term survival of the isolated myocyte will be significant advances. It is clear that the difficulty of the experiments will be considerably greater than that associated with the V max measurements.
In our own and the laboratories of others (e.g., Kunze and Brown, 1982; Ten Eick et al., 1982; Cachelin et al., 1983; Grant et al., 1983) , the recently developed patch clamp technique has been used to resolve the current through individual cardiac Na + channels. The technique shows great promise, in that an accurate clamp can be readily achieved. Using excised membrane patches, it is possible to control directly both "infra-and extracellular" milieu. Coronado and Latorre (1982) have incorporated K + and Cl~ channels prepared from bovine cardiac sarcolemmal membranes into lipid bilayers. The K + channels seem to have many of the properties observed in intact preparations. The similar incorporation of functioning Na + channels into lipid bilayers seems feasible. These single-channel techniques permit a direct estimate of the rate constants of drugreceptor interaction. They may provide the best approach to resolve the mechanisms of sodium channel blockade.
The next decade should produce answers to many critical unresolved questions. Unfortunately, the design and clinical use of antiarrhythmic drugs remains empiric. Yet, should this not provide a potent stimulus for research into the cellular basis of antiarrhythmic drug action?
